The effect of heart rate and variation during cardiac computed tomography (CT) on the examination quality. The purpose of this study is to investigate whether it is possible to predict heart rate and range during enhanced cardiac computed CT scan from previous non-enhanced cardiac CT scan. Electrocardiograph (ECG) files from 112 patients on three types of cardiac 64-slice CT (nonenhanced, prospective ECG-triggered and retrospective ECG-gated enhanced scans) were recorded. The mean heart rate, range (defined as difference between maximal and minimal heart rates) and the range ratio (defined as maximal heart rate divided by minimal heart rate) during the scans were compared. Scan time was 4.8, 4.6, and 7.3 s on non-enhanced, prospective ECG-triggered and retrospective ECG-gated scans, respectively (pG0.0001). The heart rates were not significantly different (60±9 beats per minute (bpm), 60±9 and 61±10 bpm; p=0.64). Heart rate on the enhanced scan markedly correlated with that of the non-enhanced scan (r=0.78 and 0.74). In contrast, the ranges of heart rate were 2±5, 4±8, and 8± 21 bpm, with different range ratios (1.04, 1.07, and 1.14; pG0.0001). Correlation of heart rate ranges between nonenhanced scan versus prospective ECG-triggered scan was low (r=0.27) and that between non-enhanced scan versus retrospective ECG-gated scan negligible (r= −0.027).Heart rate on enhanced cardiac CT, in most cases, can be predicted from a non-enhanced scan. Heart rate range on enhanced cardiac CT, however, is hard to predict from the non-enhanced scan.
INTRODUCTION
I mage quality and detection of stenosis in coronary computed tomography (CT) angiography (CTA) is affected by heart rate and the range during acquisition. [1] [2] [3] [4] [5] [6] With single-source 64-slice CTA, most investigators recommend lowering the patient's heart rate to G65 beats per minute (bpm) to achieve stable image quality. [7] [8] [9] [10] In this range, diagnostic image quality can be obtained for all coronary arteries at a single reconstruction interval at mid-diastole. 11 When higher heart rates are included however, additional reconstructions at late systole may be required for optimal visualization of the right coronary artery. 12 The variation of heart rate alters the data acquisition window of the cardiac cycle, which may result in the inclusion of systole. In order to reduce and stabilize the heart rate, β-blocker is often used on cardiac CT, administered orally at 1 to 2 h(s) prior to the examination or/and intravenously just before the examination.
Practitioners have to decide the acquisition protocol depending on the heart rate. electrocardiograph (ECG) editing; i.e., by arbitrarily modifying the position of the temporal windows within the cardiac cycle, to correct and compensate for part or all of the artifacts, 13 is not perfect but is the most robust imaging technique for instable heart rates. As it needs retrospective ECG-gated CTA without ECG-correlated tube current modulation however, it involves a high radiation dose. In patients with a relatively stable heart rate, ECG-correlated tube current modulation, reducing radiation exposure by 30% to 50%, is used. 14, 15 In this technique, the practitioner has to determine the peak current interval relative to the cardiac phase and the minimal current value relative to the maximal current. Recently devised prospective ECG-triggered coronary 64-slice CTA 16 needs low and stable heart rate.
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In these circumstances, prediction of heart rate and variation is important on 64-slice CTA for deciding use of β-blockers and the determination of scanning protocol. The purpose of this study is to investigate whether it is possible to predict heart rate and range during enhanced cardiac CT from non-enhanced cardiac CT.
MATERIALS AND METHODS

Patients
The comparative study between prospective ECG-triggered and retrospective ECG-gated cardiac 64-slice CTA 18 was approved by the local hospital ethics committee and all patients provided written informed consent. This study analyzed heart rate and heart rate range of 112 patients (63 males and 49 females, 64±11 years old: ranged, 35-87 years) undergoing coronary artery calcium scoring and two types of coronary CTA. The mean body mass index was 24±13 kg/m 2 . Of 112 patients, 87 (78%) were symptomatic and 71 (64%) had coronary risk factors. Using a 64-slice CT scanner (Lightspeed VCT, GE Healthcare, Waukesha, WI), 86 patients were scanned with retrospective ECG-gated CTA first, followed by prospective ECG-triggered CTA and the remaining 26 patients were scanned in reverse order. The time interval between the two scans was 5 min. To minimize motion artifacts, patients with an initial heart rate ≥60 bpm (n=83) were given with oral β-blocker (metoprolol 40 mg) to achieve a target heart rate of 50-60 bpm. No additional intravenous β-blocker, at the time of the examination, was used. Except for two patients with contraindications, nitroglycerin spray (one push, Mycor spray, Astellas pharma, Tokyo, Japan) was used 5 min before coronary CTA scan to dilate the diameters of the coronary arteries. 19 
Data Acquisition
Each scan was performed 5 s after breath-hold at mild-inspiration in order to minimize range of heart rate, which was investigated on nonenhanced cardiac CT. 20 The ECG files were obtained using three lead ECG during the CT scan, and the data were transferred to an external PC for further analysis.
The use of contrast media included 10 ml Iopamiron® 370 (Bayer-Schering Pharma, Berlin, Germany), followed by 25 ml saline chaser for test bolus scan and contrast media (volume=body weight (in kg)×0.6 ml), followed by 25 ml saline chaser for each type of coronary CTA. The injection rate of contrast media and saline was 0.06×body weight ml/s (the contrast media was administered during 10 s).
Patients with atrial fibrillation and having beatto-beat variability exceeding 20 bpm during preexamination baseline breathing were excluded from analysis. 21 This was because such types of heartbeat might disturb the analysis of the effect of contrast media or scan time on heart rate.
Electrocardiograph Data Evaluation and Statistical Analysis
Mean heart rate, the range (defined as difference between maximal and minimal heart rates) and the range ratio (defined as maximal heart rate divided by minimal heart rate) during scanning were compared between the three scans. Depending on the data distribution, one-factor analysis of variance (ANOVA) or Kruskal-Wallis was used.
Mean heart rate and the range on prospective ECG-triggered and retrospective ECG-gated enhanced scans in relation to the non-enhanced scan were tested using Pearson's correlation coefficient and Bland-Altman analysis with a 95% confidence interval (CI). The degree of Pearson's product moment correlation coefficient (r) was regarded as follows: 0 to 0.2, no or negligible; 0.2 to 0.4, low; 0.4 to 0.6, moderate; 0.6 to 0.8, marked and 0.8 to 1.0, high. Student's t test was used to determine the difference in acquisition time, heart rate, and the range between two groups divided by scan order. P values G0.05 were considered to identify significant differences.
RESULTS
All patients were able to hold their breath on the three scans. All scans were performed without any significant adverse effect of contrast material. The data acquisition time was 4.8±1.1 s (median, 4.7 s; 95% CI, 4.5 and 4.9 s) in non-enhanced scan, 4.6± 1.2 s (median, 4.5 s; 95% CI, 4.2 and 4.8 s) in prospective ECG-triggered scan and 7.3±1.0 s (median, 7.2 s; 95% CI, 7.0 and 7.3 s) in retrospective ECG-gated scan (Kruskal-Wallis test; pG0.01). The data acquisition time was not different between two groups divided by scan order in non-enhanced, prospective ECG-triggered and retrospective ECG-gated scans (p=0.23, 0.64, and 0.47). The body weight was 62±14 (38-103) kg, and the total contrast volumes (test bolus scan, prospective ECG-triggered, and retrospective ECG-gated CTA) administered was 85±16 (56-134) ml. The effective radiation dose, estimated based on the dose-length product, was 0.9±0.2, 4.1±1.8, and 19.8±3.5 mSv in non-enhanced, prospective ECG-triggered and retrospective ECG-gated scans, respectively.
Heart Rate
Heart rates were not significantly different between non-enhanced scan (60±9 bpm), prospective ECG-triggered scan (60±9 bpm), and retrospective ECG-gated scan (61±10 bpm; one-factor ANOVA; p=0.64). Heart rates markedly correlated between non-enhanced scan versus prospective ECG-triggered scan (r=0.78 (95% CI, 0.70 and 0.85); pG0.01) and non-enhanced scan versus retrospective ECG-gated scan (r=0.74 (95% CI; 0.64 and 0.81); pG0.01) (Fig. 1) . Results in the Bland-Altman analysis are shown Table 1 .
The heart rate was not different between two groups divided by scan order in non-enhanced, prospective ECG-triggered and retrospective ECGgated scans (p=0.46, 0.25, and 0.17).
Heart Rate Range
Heart rate ranges were non-enhanced scan: 2± 5 bpm (median, 1.3 bpm; 95% CI, 1.1 and 1.6 bpm), prospective ECG-triggered scan: 4± 8 bpm (median, 2.1 bpm; 95% CI, 1.7 and 2.5 bpm), and retrospective ECG-gated scans: 8± 21 bpm (median, 2.7 bpm; 95% CI, 2.2 and 3.2 bpm), with different heart rate range ratios (1.04, 1.07, and 1.14, Kruskal-Wallis test; pG 0.00001). The heart rate range 95 bpm occurred in 5.4% (6/112), 8.9% (10/112) and 20.5% (23/112) in non-enhanced, prospective ECG-triggered and retrospective ECG-gated scans, respectively. Similarly, the heart rate range 910 bpm occurred in 4.5% (5/112), 7.1% (8/112), and 11.6% (13/112). Correlation of heart rate ranges between nonenhanced scan versus prospective ECG-triggered scan was low (r=0.27 (95% CI, 0.09 and 0.43)) and that between non-enhanced scan versus retrospective ECG-gated scan negligible (r =−0.027 (95% CI, −0.21 and 0.16)) (Fig. 2) . Results in the Bland-Altman analysis are shown Table 1 . In summary, marked degree of range occurred in both enhanced and non-enhanced scans. Marked range in non-enhanced scan does not predict the same during enhanced scanning and vice versa. The heart rate range was not different between the two groups divided by scan order in non-enhanced, prospective ECG-triggered and retrospective ECG-gated scans (p=0.18, 0.70, and 0.24).
DISCUSSION
This study compares heart rate and range between non-enhanced scan and enhanced scans with two data acquisition times. The results of our study suggest that (1) heart rate on enhanced cardiac CT, in most cases, can be predicted from a non-enhanced scan, (2) heart rate range on enhanced cardiac CT is not relevant to nonenhanced scan and is greater than non-enhanced scan, (3) a shorter scan time is advantageous for reducing heart rate range.
We found one previous study by Zhang et al., using relatively longer scan times (13-14 s for non-enhanced and enhanced scans), examining heart rate and range. 21 They showed that injection of contrast media had no significant effect on heart rate, which is in line with our study. They showed that percentage of beats outside a ±5 bpm about the mean was not different between non-enhanced (3.0%) and enhanced (3.3%) scans. In contrast to this, our results showed greater heart rate range on the enhanced scan compared with the nonenhanced scan. The reason for the difference is Non-enhanced and enhanced scans were compared using Bland-Altman analysis SD standard deviation not clear; however, we consider that greater heart rate range on the enhanced scan may be explained by the influence of increased venous return associated with bolus injection, the effect of iodine and psychological reaction.
Possible greater heart rate range with a longer scan time seems to be understandable. For 64-slice CT, a typical scan time required to image the heart is approximately 5-15 s, depending on CT scanner model. 21 A relatively shorter scan time of the CT scanner we used, is likely to offer small heart rate range. Recently, next-generation 320-detector row CT, enabling full heart coverage in one cardiac cycle, has been announced. This technology has a definite advantage in terms of heart rate range.
We would like to emphasize the importance of non-enhanced CT. Compared with non-enhanced scan for calcium scoring, coronary CTA uses higher radiation dose, especially with retrospective ECGgating algorithm. The scan coverage is set up visually on the topogram; however, the position of the scanning start can vary according to individual anatomy. 22 To avoid repeated scan, there is a tendency to expose tissues beyond the boundaries of the volume to be imaged. Therefore, optimization of scan coverage from non-enhanced CT scan data is important. In addition, one must be aware that the quality of the CTA is likely to be impaired or nondiagnostic if large quantities of coronary calcium are found on non-enhanced CT. 23, 24 Thus as mentioned above, apart from ECG information, we need get the most out of non-enhanced prior to coronary CTA.
We acknowledge the following limitation to our study. Enhanced scans were performed twice, and the numbers of patient were not the same level between two types of scan order. The effect of previously injected contrast is not negligible although this is likely to be minimized after the scan interval of 5 min. The fact that the patient was aware of what is going to happen to them for the second of the contrast studies might lead them less anxious.
In conclusion, the results suggest that heart rate on enhanced cardiac CT, in most cases, can be predicted from the non-enhanced scan. This is useful for determining protocol, i.e., helical or axial scan and the pitch in case of helical scan. In contrast, heart rate range in enhanced scan is greater than non-enhanced scan and is hard to predict from non-enhanced scan. In this respect, a shorter scan time has a definite advantage.
